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INTRODUCTION 

It has been established that many polynudear 
aromatic hydrocarbons (which will be referred to 
as PAH) are carcinogenic to animals and probably 
to man. This review will focus on their occunence, 
significance in, and passage throu^ the water 
environment, v^ich represents a possible danger to 
man in terms of widespread exposure to PAH, 
literature was reviewed for the years 1968 
thioi^ the first half of 1973 as an updating of an 
earlier comprehensive review by Andelman and 
Suess,* whi^ covered the literature prior to 1968, 
and to vdiich the reader should refer for additional 
information. 

Most of the studies on the incidence of PAH in 
the water environment have been carried out in 
Eur<^. The most comprehensive investigations on 
the sources of PAH. their spread in the environ* 
ment, and the efficacy of various treatmerit 
methods have been done by Bomeff and his 
associates in tlie Geiman Federal Republic. Soviet 
investigations, principally by U'nitskii and Shabad, 
have concentrated on effluents from various 
manufacturen as one of the nuin sources of 
poOution of water bodies by PAH. 

In a recent review article, Shabad and Il'nitskii' 
pdnted out that, although the amount of PAH a 
man may consume from heavily polluted water is 
only about 0.1% of the amount he consumes in 
food, carcinogenic PAH frmn water can accumu* 
late in various aquatic organisms, including fish, 
some moUusks, and edible algae. Water used for 
irrigation may also affect the level of carcinogenic 
PAH in vegetable foodstuffs. 

Jhe need to establish hygienic standards for 
carcinogenic compounds has been given more 
attention in the last few years. Shabad' states that 
''without waiting for the complete eluddation of 
mechanisms of blastomogenesis or even the solu* 
tion of the problem of the action threshold of 
carcinogens, everything should now be done to 
establish maximum permissible doses and concert* 
trations of individual cardnogens, taking account 
of the nature and duration of contact with them. 
The PAH are the first priority." Similarly, the 
most recent edition of the World Health Organiza
tion European Standards for Drinking Water 
(1970)* recommends that "for the safety of 
consumers, the concentration of PAH should not 
exceed 0.2 pg/l." It further recommends that there 
should be at least one center in each country 
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tattying out Jnvtiligslloni of PAH I# 
alei, and Uiat moie leaearch Inlo U»elf 

and ltnpor«ance In diinking waler i* 
The innJt Kceni (1962) Uniled Slalei 
ilih Service Handaida for diinking waier 
enllon PAII. However, a recent puWici- • 

[lie Nalional Injiilote of Enviionmenlal 
ttk Force' alaiei: "Some inaierieh«Wch 
teiwayi are known to be carcinogenic to 
mail. Oiherf may have physiological 
of which we are currently unaware. Tire 
conlamlnanis should be Identined and the 
igical signincaitce of the concenliatioitt 
in the environment determined. Also the 
ogicat ilgmfkance of ihe heterogenoui 
es as they exist In wales should be 
led." 

The following review will deal wilh tiie per
tinent physlcocheniicd properlici of PAII, their 
analysis, origin, source, and transport In tlie 
environment; tlrelr presence In environmental 
waiets, tlieir removal or destrrictlon by various 
treatment processes, and Ilia passible beallh 
consequences to man of PAII In the water enils<iii> 
ment. The emphasis will be on 3,4-beiupysene, 
sme of Ihe most carcinogenic of the PAH. 

PHYSICOCHEMICAL PROPERTIES 
AND ANALYSIS OF PAH 

The chcmlcd itmclurct of two typical PAH eie 
asfoUowi: 

Typical poiynudese esomatic liyd*««»'«»» 

3.4henapytenc 

t-Benipyrene (BP) Is ubiquitous In the 
onment and one of Ihe most potent of the 
oogenic PAH. ConsequenUy, It has beeii the 
studied. 1,2,5,6-Dibentanthracene (DBA) has 
been identined as a very potent carcinogen 
I T-benuntliracene (BA). S.d-benifluoran. 

re {3.4-BF). 10,11-beninooranthena 
it BF). ehrysene (CH), 9,10-dlmethyl-U. 
anthiaccne (DMBA). Indeno (1,2,3<d) pyrw 

v^nethylchola^tl^re^e (MCA), and l,J-
pyrent (l,2 BP) have been shown to possea 
inogenic prope flies.* , , „ 
he two most important properties Iniloenemg 
incidence of PAil in water arc their solublU^ 
suMUty.Tlieir high molecular weight and ladi 
polar subsiituenl groups make them, very 
ubie In water. Tht solubility of BP In dean 

t water or tap water was found to be approxF 
idy 0.01 pg/i * 
Despite Ihe low solubility of PAH, their 
jence In enviionmenlal waten can be increased 
the ection of mlceOei foiined by lynlhelfc 
rrgmu and by the action of othw lohible 

i;2,Sj6-dibenzanlbraccna 

organic compounds. Die pretence of j«» 
the range of 10 to SO mg/1 Increases the solubility 
of BP from two to ten tbnes.' However, u noted 
by Andelmsn and Suess,* Ihe concenUalkm « 
iurfaclanlt In nalmal and treated waters rar^ 
teaches a high enough concentration to affect Ihe 
sdubility of BP. Surface active agenta In the 
conccntratloni from 0.1 to 1.0 mg/l do not show 
any effect on BP solobUUy.* Drinking weler 
itandatds typically permit only 1.0 mg/l of lorfaee 
•ctlve agents. 

Phenol concenlratlona from I to 50 mg/l do 
not have any effect on BP solubility,* but the 
cddition of caffeine to water Increeses both Ihe 
fdubilily end rale of BP going Into sohillon. aa Ihe 
caffeine concentraOon is Increased from 0.01 to 
0.10 fflol/l.* In tlrelr review, Andelman and Sueas 
noted that other itudlei ihowed that lactic add, 
acetone, end ethyl alcohol Incteam the sohibUliy 
of BP In water. The possibility exIsU that other 
wganie compounds present In poBoted waleia 
could also solubBIca BP. Pbiafly. hlgh^ poBotad 
water conteiniag MwliioM of mganie advenlt 

f 

would be capable of containing lelaiively large 
•mounts of BP.' 

Studies have also sliown that BP can ha sorbed 
and concenlcated on activated carbon, cakaieous 
material, sHka, glass, and soil pailides. Die 
presence of tlwse minerals and otiicr suspended 
and settled particles In natural walert can alio be 
apurces of relatively high conccnliatiofls of BP.' 

DP can be very stable In water and lenuln in 
solutkm over long periods of lime, irnltskil el al.* 
perftMmcd experiments using pond and tap ivalcr 
with Initial DP concenlralions of 10 and 0.01 pg/l. 
Die 10 tigfl solution is prepared by adding (iiit of 
acetone tohilion containing 2 |ig of BP to a 250 ml 
flask, evaporating Ihe acetone, adding 200 nd of 
tap or p^ waiet, and mixing thotouglily. The 
0.01 pg/l tolulion Is prepared by adding 10 ml of 
acetone containing 0.01 pg/ml OP inlo a 101 jar, 
filling Ihe Jar wilh pond or lap wilci, and ndxing 
thorouglily. Both solutions are stored in Ihe dark. 
After' extracting Ihe solutions with ben»ne, 
quantitative enalyiia is performed spectro-
fluorimetrically using ShpoPskiri effect. Severil 
cxpcfimcnis showed that undMomposcd DP could 
ttUI be delected after 35 to 40 days to Ihe extent 
of 5 to 209k of the Initial concenlrallon. At llie 
concentration of 10 pg/l BP, only 10 to 15% of 
Ihe DP urat destroyed In the first few days.-
ilowcver, llicy found tiiat at an Initial concenlra* 
lion of OJOI pg/l, almost 50% of Ihe BP wu 
destroyed In 24 hi. Dwy also found that the 
decomposition took place mote rapidly in 0.02 U 
potassium peimanganatc than In pure tap water, 
and in add sdullon (pif 2.7) faster than In 
alkaline (pfi 11.6) end neutral solulions (pH 6.7). 

In other cxpeiiimnls, photooxldaUon was 
found to destroy 56% of llw BP (present et en 
inilid concenlratlon of 0.1 g/l) in one day. In the 
dark, tha dcgndalhm was negligible. Wiflt the 
addition of sodium luinic, llic decomposition of 
BP wu Increased to 75% In both lire presence and 
absence of liglit.* 

In gcneni, studies have sliown tint llie higher * 
the temperature, oxygen conccntnlion, and light 
Inteiuily, the fastar the rata of BP dccempoil-
tlon.' 

The grceteit proUems encountered in Ihe ane-
lydf of PAH ate their low concentrations and the 
Kpanlion of PAH from other organia u well M 
from each other. Pialtmlnaiy tachniquet of extrac* 
tlon and concenliatton with aolventa such ai 
beniane, pentant, n-heptane, n-hexane, and is* 

octane aiv 
can lie sources of error because even llie puiesi of 
stilvcnts contains traces of PAII. Fedunin el aj.'* 
noted that these traces may afreet llic uliinute 
analytical resulls because Ihete preparatory tech
niques of separalion and conccnlration involve the 
use of large amounts of loNenIs which, when 
evaporated, conld contain contidetable amounts of 
PAH. It b, tlimfore. Imperative that a blank 
cotreclion be made far procedures using larger 
amounts of even chemically pure solvents. 

Column, liquid, paper, and Ihin-iayct chromalo-
graplry are Ihe most ftcquenlly used nwitiodi fori 
lite separalion of PAII, foKowed by qiuniilaiive' 
analysis using ultraviolet-vbible abiorption spectra 
and fluorescence spectra. Several studier that 
demonslrale the methodology for Ihe examination: 
of a wide vaitely of waler and wastewater samples. 
W0I be mentioned in Ihe fotiowing paragtaplii. 

Paper cbromalograpby of a mixture of PAH has 
been discussed, hi witich Ihe minimum delectable 
amount on a chromalogram was 0.026 ug BP. |' 
0.022 ft 20-melhyl-chdlanlhiene. and 0.062 fig x 
BA." Schiot and Atlmann" detected 10'* to f 
10*" g/mt of BP in water by fluoiesccnce ; 
ipectroscopy, after a tenfold enricbmcnl by ex- t. 
traction with cydohexane, a lOO-fotd enrkhmcnl ^ 
by evaporation of tlie exIrKt, and a subKquent ; 
tcparalton by Ihin-iayer chromatography. 
, Dorneff" described a melhod to be used > 
routinely for ihe e.xaminafhm uf PAil in drinking 
water and ground water to assess the efficiency of- i 
a surface waler purification plant. Die Worid . 
ifeailh Organiulion' recommends lliii procedure ! 
for tha delcrmlnalion of six PAH in diinking witcr ! 
to assen the presence of carcinogenic PAH in ' 
drinking waler. Another method is deKiibcd by i 
Jaeger and Kauowilzova'* that can detect BP in ? 
drinking waler at a concenlralion at low at 0.003 > 
pg/l. Siddiqi and Wagner'' describe a method for ' 
the deleiminallon of DP and 3,4-BF in rain wiizr, 
ground waler, and wheat using extraction wiiii 
benzene, saponiflcation with 2 /PKOil, Kpaiaiion 
by cither column or Ihin-iaycr chromatography, 
deiccHon with ulliariolcl light, tod photometric 
deierminalion. , 

The determination of PAH in polluled surface 
eniten can he particularly difficult because of the 
presence of large quantities of organic cbmpoundt 
end the very low concenlraiioni of PAH. Sampiei 
from Ihe Cherlei River Basin (Boston, 
MatMchttsetU) were inilyied for PAH end other 
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nnpounds using compulerlzcd g» chro-
iy, miss speclromelty, ind higli prcssme 
somilogiaphy.'* Keegtn" describes a 
Jeveloped f^ur the delermlnilion of PAII 
Ills per IrilNon range and utiiited for 

rirs In Connecticut. 
rial effluents are one of the major louroei 
contamination of surface waters. Esshova 
Is" detected and quanlllallvely deter* 
\ in petroclicmlcal effluenis by a variant 

tpectroscoplc-nuorescence method. A 
Is described for the determination of a 
of several PAH in waslewateri using 

r chromatography on alumina and low 
lure spectral luminescent analysis." 
li and Thiella" used gas chromato* 

10 do simultaneous qualilallve and quanll* 
alysif of aromatic hydrocarbons, indudlng 
i phenols In Industrial waslewateri. 

IGIN, SOURCE. AND VEHICLES 
OF TRANSMISSION OF PAH 

the purposes of the following discussion, 
m "origin" will refer to the formation of 
id the term "source" will refer to the 

or material in which PAH can concentrate 
in which they can be disseminated Id the 
nenl. Industrial effluenis, domestic ef* 

precipitation, atmospheric fallout, and 
water arc the vehicles of transmhslon of 

ind Source of PAH ' 
^Ite their low solubility and stability In 
PAH are nevertheless ubiquitous far the 
inent. To understand this. It Is necessary to 
! the origin of PAH. 
istrial operations engaged In the pytolyllc 
Ing of organic raw materials, sucli as coal 
Iroleum, form PAH when the process Is 
out at high temperatures (e.g., 700*C), as 
ed to the formation of paraffins, cyclopar* 
olefins, and phenols at lower temperatures 
o 43t)''C). The consumption of these 
lie products (coal tar, coal tar pilch, 
E) can also produce PAH. 
le of the Industrial operations that produce 
re the preparation of acetylene from natural 

the pyrolysis of kerosene to benzene, 
!,,and other organic solvents," .the pyso* 
f wood.** manufacture of clectnlytle al

uminum using gtapliite ekctsodes," coke 
production," gas production from petroleum," 
the production of synthetic alcohal.** and oA 
refinery operations.**''* 

The combustion of fuels by autoinobiles. air
planes, and boats Involves the production of PAIL 
The source of PAII fat the Charles River (Ooston, 
Massachusetts) was thouglit to be automobile, 
exhaust condensate washed from the streets 
directly Into the river by rainfall.' * Studies of soU, 
snow, and vegetation samples taken In the vicinity 
of a Moscow airport have been shown to contain 
large quantities of PAH." SIgnincanlly larger 
amounts of OP were found in a Moscow reservoir 
with high boat traflie than a similar reservoir with 
low boat traffic.** Carbon black, used In the 
manufacturing of automobile lircs, contains PAII 
and consequently the wear of tires on the road tan 
be sources of PAH. Asphalt used in road construc
tion contains PAH that could also be a source of 
contamination.' 

The presence of PAH In remote, noiilndustrlaF 
Ized areas raises the question of the endogenous 
formation of PAH by plants and microorganisms. 
Borneff ct el.." irsing the technique of labeled 
carbon assimilation, conclusively demonstrated 
that PAH can be synthesized by plants. Bacteria 
and phytoplankton are also capable of producing 
PAH. The appearance of DP In In vitro cultures of 
three strains of marine phytoplankton was corol
lary to the appearance of a mixture of aerobic 
bacteria. The addition of antibiotics to inhibit 
bacterial growth also prevented the formation of 
BP.** Forest soils sterilized at I20*C and ITO'C 
and seeded with either Clostrtdtum puMie or 
Euherichk coU contained significantly larger 
amounts of BP after standing at room temperature 
for six months.*' The possibility that bacteria are 
capable of synthesizing BP Is supported by the fact 
that compounds similar to BP have been found In 
the brtesllnal region of many animals where 
various types of bacteria are also found. Hydrocar
bons of the BP type are found In all organs, 
particularly the liver, kidneys, spleen, and lungs." 

The aipperton Atoll Lagpon In the northeast 
Pacific Oonn is not located near any source of DP, 
yet Its waters were shown to contain 3.S to 4.0 
|ig/l of BP." However, lU water b rich far 
phytoplankton and marine bacteria, whkh seems 
to oonflrm the possibility of the bloiynlhcsis ef 
Bf In a marino environmenL" 

nially. it riiould be noted that, altbeiiiii no 

PAH have been Isolated from uncracked crude oil, 
the possibility exbis that they contain traces that 
could be sources of PAH to envlrniimenlal waters. 
The fact tliat large quantities of sudi oil are 
present In marine waters (It b estimated Hut one 
mUllon metric Ions are lost In the ocean during 
transport alone) and can accumuhle In various 
marine organbms suggests that more research be 
done on Ihb potential source of PAH."'** 

Ve'lilcles ef Ttansfflbsion of PAII 
industrial cfllucnts carry PAH Into receiving 

waters and existing methods of treatment gen-
crally do not reduce their PAII content. Effluents 
from Industries engaged In the thermal processing 
of mineral fuels are one of the largest sources of 
PAII contaminatian of surface waters. Most of the 
quantlutlve studbs of PAII in industrial effluents 
have been done by Soviet authors. Ershova and 
MinU"'** found DP and BA In effluenis from 
fatduslrles engaged In the production of gas from 
petroleum and In the production of vnthetlc 

alcohol. Samullovlch and Red'kin" Investigated 
effluents from oil refineries and concluded that 
they were the source of BP pollution of the 
Suitzlia River. Ershova** delected BP in effluents 
from several oU refineries along the Volga River. 
River samples taken below the refiiierles and a 
sand sample from the filler of a waterworks 
located downstream all contained BP. The results 
point to the refinery effluents as the sources of the 
BP contamination. Tlie amounts of PAII found in 
typical effluents are summarized in Table I. 

Since municipal wastes often contain large 
amounts of Industrial effluents, they can transport 
PAH Into surface waler^ Run-off water pauing 
over roads, plants, and soils carries PAII Into the 
sewage system. In addition, human urine has been 
Ihown to contain BP.' Table 2 lists some concen
trations of PAH found In domestic wastes. 

The amount of BP emitted annually Into the 
atmosphere of a large Industrial dty has been 
estimated to be 30 to 40 kg." Substances 
polluting the air are eventually deposited by 

CUkabyiHBda 

TABU I 

PAH QmceamtlM ta tndnslriat EniMal^ 

SewMerinste wales 

Atlas IraalaMm r« dsflwaeHsalien 

Noltiidtcalcd 
After Mechfmlcal iraatarem 
AricraawpanUon 
(Ssamplfs) 

Spent gas llqaer 

BPceneenriaUen 
(ni/l) 

>-320 

OskeosoBtm 
•orks 

OBgasawrks 

OUratlnaty 

Tar papas 

BQia allkia 

BcfeMdlsefiarietoseMr 
BeforadtscliaitelDsevpar 
Opbms) 

After eO sepanilM 0 samplas) 

After oO saparalloH O samplei) 

Nnrlndbalad 

Moltndkalcd 

After cooUsfaod eel lOiw 

t2-l6 
6.3,130,330, 
>90,and-b%» 
quaniiir 

Vetir smatt 
qnsDliiy' 

Nollndiealed* 
Ij000aiid340* 

3,6, and 30 

Nenadaiaclad 

h 
7 
i • 
'•i: • 

f:' 

11-100 

Abool 10* 

^OUMrfAHitopKMl 
*hknfraaAadatasaaaad 

OrCOftWer AevAirt «t AneAwMwnllrfCbainet i 
•t: JaauaiplVTC Tjl 



TABLKl 

rAII CoafMMdM la Domcilk EfllncaliP 

CooocnlnllMbilA) 

SouiM 

Domeilkcrnmnl 
fiom a imall cainmv'-
niljr aruf pthnifir 
tiMlmtiil 

Wailc cinuenli an- . 
ttilnf Roiidi Mm: 
Simpk I 
Sitnpk 1 
Sampk ] 
Sample 4 
Sampk S 

Waile crnuenl of 
Slocfcach-

Waile crnurm of 
Radoirfcn 

Wailc einneirt of 
Ktiine. 

Sampk I 
Sampk 1 
Sampk 3 
Sampk 4 

VctclabkcoMamih 
•alci 

Sampk I 
Sampk 3 

tMncfiomPaib 
inhabllanll 
(4 umpki) 

Sewage of Uakgiad 
Sewage, final eff-
hienl (4 pbnla-8 
umpki) 

SMpe from lecoiid-
aip ifeabDcnl 
(bumat) 

liomui, dilfd 

BP 

0.130 

0.013 
0.041 
0.079 
0.100 
0.0» 
0.100 

0.1M 

0.001 
OOII 
1.140 
0.4S0 

UO 
iJOl 

l-l 

Pie teal 

3^ 

•Taken riomAndelmanaodSMit.* r 

tal ptccipllaiioa of falloul directly Inlo mr* 
«aief* Of onio plinii and loll wheia Ihey cin 
iiiied by tun-orr inlo lurface waten. Due lo 
ndosenoui roimalion ofPAIi.a "baekfonnd'* 
of PAH la piesenl In moat aoUa. Aflcf an. 

iilve aiudy of aoil aamplea In remole areaa of 
Shabad el al.** concluded lhal BP conceit* 

ina pr S to to iig/kg of aoil arc not unnalutil 
I naocialcd with exogenoua contunlnalioo, 

•(fACCHikalAfrlfmbaemkBiiowmafCliolfof 

CMdaotanle 
PAH 

0.1 
1.1 
IJO 
9S 
0.3 
9JB 

M 

Total PAH 

ISJB 

OJ 
3.1 
M 
S.I 
OJ 

ISA 

0.1 
1.3 

31.9 
SIA 

1.1 
M 

•A 

OA 
4.3 

OIA 
«IA 

3SJ 
33Ai 

o.is*>MO 

while coiKcnifaUoiit of I lo 2 fis/kg aie typically 
backfound levels. The same authors found as nnich 
as 220.000 pg of DP/kg of soil In the vicinity of an 
oil reriiieiy. Shcheibak*' Ibund that vegetation 
samples taken within 300 m of the "neftegaa" 
plant In Moscow contained BP In concentratlont 
varying from 0.6 lo $.9 pg/kg of dried materid, 
and that most aoil samples taken 3,000 m from tho 
phnl stlB conlalnad ^ttllai of BP Uglier ll>u 

the general backiuund level for the dty of 
Moscow. Studies have also shown that PAH can be 
concentrated In deeper aoil layers and hence also 
contaminate the ground water.*' 

PAII have also been found In snow aamplea 
taken In the vicinity of a Moscow airport," on 
the grounds of a timber-chemicd plant," and in 
various areu of a large Induatrld dty (Moscow)." 
Siddiql and Wagner" abo found levels as high as 
0.3 p^ of OP and 3.1 pg/l of 3.4-BP In rain water. 

PAH IN 
ENVIRONMENTAL WATERS * 

For llw purpose of this review, cnvironmentd 
waters will be divided into four different cate* 
gorics: I) marine waters, 2) surface waters, indud* 
Ing flora, fauna, and sediments, 3) ground ureter, 
and 4) drinking ureter. 

The most extensive studies of PAII In the 
marine enviroilmeni have been dune by Mallet and 

, Ms co-workers. They made systematic studies of 
the Atlantic, Ghannd, and Meifltetranean cr»sU of 
France, the Day of Naples, Itaiy, and the western 
coast of Greenland. DP was found to be present in 
almost all umples of plankton, algae, fauna, and 
sediments in the sreas studied. Even the remote 
areas off the coast of Greenland contained on the 
average the same concentralions of BP as areas 
along the French coast, thus indicating the 
obl(|uity of BP in the marine envtrunment. The 

• results of Mallet's sludtes are summarind by 
Andelman and Suess.* 

As noted previously, large amounts of crude oil 
are lost to the ocean each year. The possibility 
that marine organisms can concentrate and lix 
hydrocarbons could account for their presence In 
some marine organisms. Lee et al.'* analyzed 
several fish. Including anchovies and smelt, from 
the oil polluted San Diego Bay and found DP In 
amounts as higli as 10 pg per llsh, u well as lesser 
amounts of otlter PAII (average dry wci|)it of each 
Ibh varied from 2 io 10 g). Lee ct al." also' 
observed that the marine mussel Mylilus tduUi 
rapidly took up DP from seavratcr solutions and 
retained significant arnounis even after being 
placed in clean seawater. Blumer," udiile studying 
the long'term effects of an oil spill in Buzzards 
Bay, Massachusetts, found toxic eromatic hydro* 
carbons stUI present In edible shellfbh 2 months 

, tfter the oU ipUL Fbh (CfamtiUt aumfla) feeding 
food 4 kinliig BP were fouiid lo meUbolim 

and diminale BP very slowly with residues Icfl ir 
the Dver, goruds, and muscles of the fish ninti 
than 2 days sfler the administration of DP war 
halted." 

The presence of BP In the tidal mud of Saini 
Malo Bay was investigated by Mallet et al.'' and 
found to vary seasonally in BP content due to thev; 
action of anatroUie bacteria which synthesize BP 
and the aerobic bacteria which degrade DP. The 
presence of DP In the waters of Gippeiton Atoll 
Lagoon was also tliought to be due to thei 
combined actlirn of anaerobic and aerobic hac-; 
teria." DP found in Atlantic phytoplankton in; 
the Greenland to Gascony Gulf areas was thought 
to be synthesized frpm the lipids of plankton by 
bacteria." The source of most of the PAII in the 
marine environment b probably due to endo*. 
genous sources rather than to exogenous sources,; 
such as surface waters from highly polluted areas.' 

Other studies have revealed the presence of BP. 
In wide zones of the Adriatic but only during the t 
estlval season.'*'" Studies conducted byt 
Greffard and Meury"'ln the Toulon Harbor : 
showed PAH concentratirms varying between 9.0 ' 
and 284 pgf 100 g of dried dime, and BP concen-1; 
tralions varying from 3JO to 4.0 |ig/IOO g dry ; 
ureight In washed mussels. 

Considerable quantities of PAH can be cs^ried ; 
into surface waters by domestic sewage, industrial f 
effluents, and storm water runoff from roads a.id | 
contaminated land. The maximum amount dci^^- j 
mined In any of these sources hu been 134 pg/l." 
The,,ptesence of PAH In areas remote from any 
exogenous sources also conllrtm a natural level of ; 
PAH In surface waters. U'nitskll et al.'' concluded 
that thb level did not exceed 10** to 10** pg'l of 
BP for surface waten, I to 2 pg/kg of BP for 
bottom sand, and S pg of BP per kilogram of dry 
matter for algae and higher pisnts. Levels in excess 
of these amounts can be taken as Indications of 
environmental pollution by man. . 

Highly polluted waters are conducive to the 
preservation of PAH in surface waters. The Sunzha 
River In the UA.S.R. b heavily poUuted with 
detergents, benzene, ether, and oils, their concen
trations ranging from.96 to 350 mg/l. As would be 
expected. Investigations carried out by 
Ssmottovich and Red-kin" showed high BP 
concentrations at great dbtances downstream from 
Industrial outfalls (0.07 to 1.06 pg/l at a point 2S 
km downsbeam from the lowest outfall). 

Labonloty cxperlnicota conducted by Suess," 

i 
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T conditions similar to the Ohio River 
kburgli, Pennsylvania), showed that DP dcgia> 
I in natural waters depends on solar lllumini-
. temperature, and dissolved oxygen 
tntralioni. In polluted waters «(lih high 
idity, OP would degrade very little In suspend-
mli^ »d probably not at all In bottom 
nents. DP degradation In surface waters Is also 
ed to flow velocity and surface area, 
dtlovich and Red'Un" found that the higher 
flow velddty and the greater the surface area. 
Faster the degradation of DP. 
AH concentrations |n the surface water 
lonment are very high, essentially due to 
tenous pollution. Typical concentration ranges 
summarlicd in Table 3 and the results of some 
nt studies are surmnarlud in Tables 4 and S. 
Kontamlnaled ground waters show the 

.'St concentrations of PAil of all natural 
ers. Concentrations will generally not exceed 
5 Pg/I." Siddiql and Wagner** reported find-
0.01 to 0.03 itfft of DP and 0.08 to 0.6 pg/l of 
OF in ground water samples. 
Sorneff and Kunte' * noted that concentrations 
to 0.10 pg/1 of PAII are found In drinking 
er. They concluded that values between 0.1 S 

I 0.20|ig/i demand an examination of the water 
iirneni facilities, and water containing PAH In 
ess of 0.30 ng/l should be rejected for human 
isumpiion. The World Health Organisation 
ropean Standards for Drinking Water,* adopted 
11170, also slates that concentrations of PAH In 

excess of tliis amount are not ule for human 
consumption. Studies summarlud by Andelman 
and Sucss' show that. In general, the total 
carcinogenic PAH In drinking water do mit exceed 
omsng/i 

EFrECT OF WATER AND 
WASTEWATER TREATMENT ON PAH 

Since considerable portions of the PAH present 
In untreated waters art associated with particles, 
separation procesws such as sedimentation and 
filtration with sand or activated carbon can be 
very effective In reducing PAH concentrations. 
The highest removal (98.5%), reported by 
Domcff,** w» accomplished in a llocculation 
plant, which used u a f^mary step ferrous sulfate 
and chlorine, followed by ozone and ferric chlo
ride, and then sand fUtratlon. The purlfled water 
had a PAII content stmilar to ground water. 
Reichert et al." found that primary and second
ary sedimentation of sewage reduced the PAII by 
80 to 90%. Further treatment with synthetic 
llocculants, followed by filtration through ac
tivated carbon, yields a water with PAH concentra
tion similar to ground water. Lawcrenz** found 
that treatment of water from the Elbe River in 
flocculation tanks was eflecUve fas reducing PAH 
concentrations. 

Mechanical separation processes wiD have eeiy 
Uttle elTect on dissolved PAH. U'nitskll** con
ducted experiments using BP concentrations In Use 
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nlralions since Ihe techniques were designed 
sove suspended, not dissolved, mailer. This 
US results summarized in Table 6 which show 
I Ihe same effectiveness far simple slanding 
r nocculalion followed by slanding. 
logical Irealmenl Is very ineffecllve In re< 

ig any PAII from contaminated waters. A 
Jtg study, conducted by Malaney el al.,'* 
:d lhal activated sludge treatment of 
Stic sewage from Nashville, Tennessee, was 
t to effect any significant removal of PAH by 
sidative mechanism within normal detention 

Any reduction of PAH in the sewage was 
to adsorption by 'lire activated sludge, 
iva'* found that cflluents from a petro-
leal plant still contained up to 1.7 pg/l of BP 
1.6 iig/l of BA even after being subjected to 
lemical puriflcalion in aeration tanks, 
kii ct al.'^ also found thai biochemical 
ml. steam dephenolization. and ealractioii 

butylacctune do not achieve Ihe complete 
valion of PAII In effluents, 
e contamination of surface and ground 
s with PAII and compounds that may sola* 

PAII makes It necessary to Investigate 

>ds for the elimination of dissolved PAH 
potable waters. Since mechanical methods 

>t able to remove dissolved PAH, oxidation Is 
iaily important. Studies on the efficacy of 
ifion, UV and gamma Irradiation, chlorine-
aivl treatment with ClOf have been carried 
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out by H'nitskll, Ersliova, Shabad, Rekherl, 
Gabovich, and their aisociatos (Rcferencea 7,. 27, 
57, and 59 to 66). Tlieir results Indicate that 
ozonation Is the most effective treatment for the 
reduction of PAII In water, folluwed by treatment 
with ClOi. The other processes studied were for 
the most pert ineffective In tlgnlflcantly reducing 
PAII concentrations using normal rates of applica
tion and detention times. Tbe efficacy of ozone 
may be reduced by the presence of other organic 
compounds. BP was found to be the most resistant 
of the PAII to treatment. Some test results are 
summarized In Tables 7 and 8. 

Since BP can be present in water in either a 
dissolved state or sorbed onto partldes, li'nitsfcil el 
al.*^ canicd out experiments using BP sorbed 
imlo soil particles. Tlie results Indicate that the BP 
sorbed rmto soil particles are more stable than 
dissolved BP. One minute's contact with ozone 
Inactivated 61% of the dissolved BP but imly 33% 
of the sorbed BP: 2% min contact destroyed all the 
dissolved BP but only 60% of the sorbed BP. 

In order to deliver drinking water to consumers 
with Ihe lowest possible concentration of PAH, 
Borneff** recommends the use of flocculallon, 
ozonation, filtration, and adsorption on activated 
charcoal for raw waters containing0.1 to l.0|ig/l 
of PAH; and that raw waters containing over 1.0 
pg/l of PAH never be used even after purification. 
H'nltskli'* concluded that by using ozone rather 
than cUorlne and UV Irradiation, a 100-fold 
greater reduction of BP could be accomplished. 
For dissolved BP and other PAH, ozonation Is 
necessary to deliver water practlcaUy ftce of 
cardnogsnlc hydiocaiboiislO( 
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Balers dislrHiuted to consumers are usually 
used for die preparation of food. Studies carried 
out by ll'nlltktt el al.» showed that (he boiling of 
water containing 0.0002 to 0.002 fig/l of BP for 
60 min destroyed most of the carcinogen. The 
itoulls of this experiment are shown In Table 9. 

HEALTH CONSIDERATIONS 
OF PAH IN 

THE WATER ENVIRONMENT 

There Is no epidemiological cvMence to prove 
that PAH In drinking water are related to the 
Incidence of ancer. Also, u stated by D'nitskil 
and Shabad,* the amount of carcinogenic PAH 
ewsumed by man In water b typkaUy only 0.1% 
of (he amount he consumes from food. Neverthe-
kss. accumulation of PAH In edibb aquatie 
oigsntains can greedy Inoaase (Us amount*^*^* 

I 

TABU9 

nb^ONWBcBiagonBPOiw^ 

BPc eii>>u.ntn 

pHof Namberof 
wafer expcrhnents latlU 

J.7 
3.0 
4.3 
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3 
4 
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0.002 

After bottng 

0,0.0,0.0002 
0,0.0 
0,0.00002.0.0002 
0,0.00009S, 0.0002 

Taken bemtrnilikii at aL* 

The use of conUminated water for irrigation can 
also qwead PAH into other foodstuffs.* 

Shabad* urges that everything possible be done 
to cstablbh maximum permissible doses (MPD) 
and maximum permbsible conoentntions (MPC) 
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individual carcinogens, wllh first priority being 
a to the PAII, must notably DP. He reported 
one such effort based on the intragastric 
Inislralion of a gradually diminishing series of 
( of DP and observing whether or not cancer 
Induced. These experiments were used lo , 

blisli doses which did not produce cancer. On 
basis of these data and taking Into account the 

rereiices in body weight and organ surface areu 
rats and humans, they calculated that the MPC 

OP In water should not exceed OAOOT pg/l, 
ich for all practical purposes Is lero. Even 
jgh this type of approach may be controversial 
far from perfect, Shabad emphasizes the need 
more experlmenU In this dliectlon. Including 
transplacental inlluence on succeeding genera-

IS. • 

Andelman and Suess' discussed another con-
^t of bIPC In water In wliich It was suggested 
It the amount of carcinogens taken up by man 
drinking water sliould not exceed l/IO of the 
lerlal taken up from normal urban air. Using 

is concept the MPC for water would be 0.017 
I. Based on an average daily consumption of 2.S 
T drinking water, this comes out to IS fig/year 

J about I mg in a llfeUme. The 1970 World 
ilih Organization European Standards for 
inking Water* recommends a concentration of 
II not exceeding 0.2 |ig/l. 
Andelman and Suess' made calculations bawd 
four samples of drinking water lo determine an 

lual human consumption of PAH lo be about 6, 
22, and 70 |ig for the populations wrved by 
le w ater supplies. 
Diinking water Is not the only source of PAH 
[ humans. They are also found In smoked and 
isted foods, in vegetables, and plant fats and 

Is. as well as being breathed bi from the' 
mosphere. Borneff** warns that human ex-
ture to PAII from all these sources could result 
a yearly uptake of carcinogens at levels which 
JSC carcinoma in animal experiments. The 

nount' of carcinogenic PAH consumed fram 
inking water U probabfy not dugsfoaa. Neeet-

theless. in combination with other sources It 
cannot be excluded as a possible luzard, especially 
since animal experiments Indicate that repeated 
exposure to carcinogens Is more elTecthe hi 
producing cancer than an equivalent sln^ dose. 

CONCLUSIONS 

The following concluslona can be draera from 
reviewfaig the literature: 

1. The significance of traces of PAH In 
drinking water to human health Is not yet 
known. 

2. BP and other PAII are very Intolnble In 
water but can be solubillzed by delergenti, olli, 
and other organic compounds. In most cases, 
however, the concentrations of detergents are not 
high enough to affect PAH solubilities. 

3. UP can be very stable In water and is one 
of-the most carcinogenic of the PAH. 

4. With the prewnt emphasis on water pollu
tion control, attention should be given to reducing 
the amounts of carcinogenic PAH discharged to 
surface waters. 

5. Concentrations of PAH In uncontami-
nsted ground waters generally do not exceed O.OS 
|ig/l. Iliglier concentrations are found In surface 
and marine waters. Efforts should be made to 
determine the sources of the contamination of 
waters, especially when they may wrve m sources 
of drinking water. 

6. Mechanical wparathm procesws, biologi
cal treatment, UV irradiation, and chtorinathm are 
not successful In removing enough carcinogenic 
PAH from drinking water. Ozonation and aOi 
appear to be the most promising methods of 
effectively destroying PAH In drinking water. 

7. The generally higher concentrations of 
PAH in polluted waters suggest that these com
pounds may have utility as Indicators of poDuthm. 

I. It would be prudent to esUbUshMPD and 
MPC for PAH la drinking water. 
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